SUMMARY
Phototaxis is characteristic of the pelagic larval stage of most bottom-dwelling marine invertebrates [1] . Larval phototaxis is mediated by simple eyes that can express various types of light-sensitive G-protein-coupled receptors known as opsins [2] [3] [4] [5] [6] [7] [8] . Since opsins diversified early during metazoan evolution in the marine environment [9] , understanding underwater light detection could elucidate this diversification. Opsins have been classified into three major families, the r-opsins, the c-opsins, and the Go/RGR opsins, a family uniting Go-opsins, retinochromes, RGR opsins, and neuropsins [10, 11] . The Go-opsins form an ancient and poorly characterized group retained only in marine invertebrate genomes. Here, we characterize a Go-opsin from the marine annelid Platynereis dumerilii [3] [4] [5] [12] [13] [14] [15] . We found Go-opsin1 coexpressed with two r-opsins in depolarizing rhabdomeric photoreceptor cells in the pigmented eyes of Platynereis larvae. We purified recombinant Goopsin1 and found that it absorbs in the blue-cyan range of the light spectrum. To characterize the function of Go-opsin1, we generated a Go-opsin1 knockout Platynereis line by zinc-finger-nucleasemediated genome engineering. Go-opsin1 knockout larvae were phototactic but showed reduced efficiency of phototaxis to wavelengths matching the in vitro Go-opsin1 spectrum. Our results highlight spectral tuning of phototaxis as a potential mechanism contributing to opsin diversity.
RESULTS AND DISCUSSION

Identification of Two Go-Opsins in Platynereis
Phylogenetic analyses indicate that three opsin families, the rhabdomeric opsins (r-opsins), the ciliary opsins (c-opsins), and the Go/RGR opsins, existed in the last common ancestor of protostomes and deuterostomes [10, 11] . These families may have diversified even earlier, before the split of cnidarians, ctenophores, and bilaterians [16] . While r-opsins and c-opsins represent visual opsins from invertebrates and vertebrates, respectively, and thus have been studied extensively, less is known about members of the Go/RGR opsin family. Among the Go/RGR opsins, RGR opsins are found in deuterostomes, lophotrochozoans, and members of the ecdysozoa. Go-opsins only exist in lophotrochozoans and non-vertebrate deuterostomes and were lost from ecdysozoans [17] and vertebrates [10] .
Searching the transcriptome and genome of Platynereis, we found two Go-opsin-like sequences. We ran a phylogenetic analysis of these and other Platynereis opsins together with a representative set of metazoan opsins. The Go-opsin-like sequences grouped with lophotrochozoan and cephalochordate Go-opsins with good support in both maximum-likelihood and Bayesian analyses (Figures 1A and S1 and the Supplemental Experimental Procedures), thus establishing them as Go-opsin orthologs (called Platynereis Go-opsin1 and Go-opsin2). The Go-opsins formed a well-supported clade with the RGR opsins and neuropsins/opsin5, with the neuropsins forming the sister group of the Go-opsins.
We also analyzed Go-opsins for the presence of a tripeptide motif critical for G protein binding in opsins ( Figure 1B ). This motif follows the transmembrane helix VII and is highly conserved in c-opsins (N[KjN]Q) and r-opsins (HP[KjR]) [12] . In contrast, we did not see a similar conservation in Go-opsins. The Go-opsin motif was more similar to c-opsins in some sequences (NNQ, Lottia gigantea Go-opsin1) and to r-opsins in other sequences (HKK, Lottia gigantea Go-opsin2). Platynereis Go-opsin1 and Go-opsin2 had intermediate versions of the motifs (NRK and NKK, respectively). This suggests that during evolution, Go-opsins may switch the subtype of G protein to which they couple.
Go-opsin1 Coexpresses with Two r-Opsins in the Rhabdomeric Adult Eyes of Platynereis
The first Go-opsin was identified in the scallop mantle-edge eye [18] . The scallop retina has one layer of rhabdomeric and one layer of ciliary photoreceptor cells [19] . The Go-opsin is only expressed in the ciliary photoreceptor cell layer [18] . Platynereis larvae also have both ciliary and rhabdomeric photoreceptor cells. The ciliary photoreceptor cells found in the larval brain are not associated with shading pigment [12] . In contrast, the rhabdomeric photoreceptor cells are associated with pigment cells and are found in the eyespots (ocelli or larval eyes) and in two pairs of simple pigment-cup eyes (adult eyes) (Figures 2A-2C ) [3, 4] . We characterized the expression of Go-opsin1 in 3-day-old Platynereis larvae by double wholemount in situ hybridization with a probe for Go-opsin1 and a probe for the rhabdomeric-photoreceptor-cell-specific opsin, r-opsin1 [5] . The Go-opsin1-specific probe labeled the eyespots and the adult eyes, as well as one cell of unknown nature in the dorsal median head close to the ciliary photoreceptor cells ( Figure 2D , arrowhead), but did not label the ciliary photoreceptor cells ( Figure 2D ). In the eyespots and the adult eyes, Go-opsin1 and r-opsin1 were coexpressed in the same rhabdomeric photoreceptor cells ( Figures 2D-2H ). In the Platynereis adult eyes, r-opsin1 is also known to be coexpressed with r-opsin3 [8] , indicating that the photoreceptor cells of the adult eyes coexpress all three opsins. As we were unable to detect expression of Go-opsin2 by in situ hybridization in the larvae, we focused on Go-opsin1 for further characterization.
The coexpression of Go-opsin1 with two r-opsins in rhabdomeric photoreceptor cells was unexpected, given that a Goopsin is expressed in ciliary photoreceptor cells in the scallop eye and that opsins belonging to two different families generally do not coexpress in the same cell. One exception is the coexpression of a rhabdomeric opsin and a retinochrome, a photoisomerase also belonging to the Go/RGR opsin family, in cephalopod and gastropod photoreceptor cells [20] [21] [22] .
Spectral Characterization of Platynereis Go-opsin1
To characterize the spectral sensitivity of the opsins expressed in the Platynereis eyes, we tried to purify recombinant proteins. In general, it has proven extremely difficult to reconstruct invertebrate photopigments in vitro [23] . We could not obtain structurally stable r-opsin pigments; however, we could purify stable Go-opsin1 from COS1 cells and reconstituted it with 11-cis-retinal [24] . The Go-opsin1 pigment absorbed in the cyan range of the spectrum, with a l max of 488 nm in the dark spectrum ( Figure 3A ). When the pigment was exposed to light for 30 min, the absorption peak at 488 nm was reduced. The darklight difference spectrum (calculated by subtraction of the post-illumination spectrum from the pre-illumination spectrum) gave a l max of 498 nm ( Figure 3A , inset, and Table S1 ). In vitro analysis of a Go-opsin from the amphioxus Branchiostoma belcheri found a similar spectral sensitivity with a l max of 483 nm [25, 26] .
Platynereis Rhabdomeric Photoreceptor Cells Depolarize at Both Violet and Cyan Stimulation
In the scallop retina, the rhabdomeric photoreceptor cells are depolarizing and the ciliary photoreceptor cells are hyperpolarizing [19] . This hyperpolarizing response is thought to be mediated by a Go-opsin with downstream Go-alpha signaling [18, 27] . In contrast, r-opsins generally mediate a depolarizing response. This suggests that Go-opsin1 and the r-opsins may mediate antagonistic phototransduction pathways in the Platynereis eye. Such an antagonism between opsins has already been described for pinopsin and parietopsin in the lizard parietal eye [28] .
To test whether Go-opsin1 mediates a hyperpolarizing response in the Platynereis rhabdomeric photoreceptor cells, we used calcium imaging to measure direct photoresponses from the adult eyes. We ubiquitously expressed a calcium indicator, GCaMP6s, in Platynereis larvae, and measured photoreceptor responses to different light wavelengths. The photoreceptor cell rhabdoms inside the pigment cup of the adult eye were locally stimulated, and the responses were recorded from the adjacent photoreceptor cell-body region ( Figures 3B-3D and the Supplemental Experimental Procedures). When the photoreceptor cells were stimulated with cyan (488 nm) laser light, matching the peak absorption of Go-opsin1, the intracellular calcium levels reproducibly increased, which indicates photoreceptor cell depolarization. This suggests that in Platynereis, unlike in the scallop, Go-opsin1 does not mediate hyperpolarization. We also stimulated the Platynereis photoreceptor cells with violet light (405 nm) and again found reproducible depolarizing responses ( Figure 3D ). The lack of a hyperpolarizing response to either cyan or violet light stimulation suggests that Go-opsin1 does not antagonize the r-opsins in the Platynereis eye.
Genetic Engineering of a Go-opsin1 Knockout Platynereis Line
To analyze the function of Go-opsin1 in Platynereis, we generated a Go-opsin1 knockout line. We targeted the first exon of the Go-opsin1 locus encoding the N terminus before the first transmembrane domain. We used engineered zinc-finger nuclease (ZFN) constructs and injected ZFN mRNA into fertilized eggs. The injected individuals were raised to adulthood and crossed to wild-type animals, and a subset of their progeny was screened for inherited genomic lesions. We screened 51 batches of larvae and found one batch that carried an 8-bp deletion, leading to a frame-shift and a premature STOP codon in the Go-opsin1 coding region ( Figures 4A and 4B ). This most likely represents a Go-opsin1 null allele (Go-opsin1 D8 ). We crossed heterozygous carriers of the mutation and established a homozygous Go-opsin1 D8/D8 mutant line. Due to the low efficiency of ZFN cleavage, we were unable to isolate further Go-opsin1 mutant alleles. The Go-opsin1 D8/D8 mutants were viable and fertile and displayed a normal lunar cycle of reproduction, similar to wild-type worms ( Figure S2A ).
Reduced Phototaxis Efficiency in Go-opsin1
Knockout Larvae For functional analysis of Go-opsin1, we focused on the phototactic behavior displayed by 3-to 4-day-old Platynereis nectochaete larvae. At this stage, phototaxis is mediated exclusively by the two pairs of adult eyes, as demonstrated by eye-ablation experiments [4] . To determine the function of Go-opsin1 in the rhabdomeric photoreceptor cells of the adult eyes, we measured the phototaxis efficiency of wild-type larvae and Go-opsin1
mutant larvae in response to monochromatic light stimuli of different wavelengths. 3-to 4-day-old Platynereis larvae can display both positive and negative phototaxis and may switch the sign of phototaxis during an experiment [4] . To characterize both negative and positive phototaxis, we used two different experimental setups. In a vertical-column setup, we stimulated larvae with collimated monochromatic light from the top. In this setup, the larvae showed positive phototaxis to light in the blue-green range of the spectrum. In contrast, in a horizontal setup with a glass beaker and illumination from one side, initially photopositive larvae turned photonegative after light exposure. Therefore, in this setup, we could consistently measure negative phototaxis (Movie S1).
We found that light intensity strongly influenced the spectral range of the phototactic response. At high light intensity, we could trigger phototaxis between 340 and 680 nm, but at a lower intensity, there was no response to red or UV light ( Figures S2C  and S2D) . However, the photon flux of our light source was not completely constant across all wavelengths, which may conflate the effects of wavelength and intensity in the action spectra. We could not measure photon fluxes below 380 nm with our spectrophotometer, but we confirm that total irradiance as experienced by the larvae was comparable between 400 and 600 nm (3.2E+18 to 4.3E+18 photons/s/m 2 ; Figure S2B ). Therefore, we only compared wild-type and mutant larvae at different monochromatic illumination treatments in this wavelength range, without describing a full action spectrum.
Both wild-type and Go-opsin1 D8/D8 knockout larvae were phototactic toward light in the blue-green range of the spectrum in both setups ( Figures 4C and 4D) . However, the Go-opsin1 D8/D8 knockout larvae showed significantly reduced efficiency of phototaxis to cyan light in both setups. In the horizontal setup the knockout larvae showed significantly reduced phototaxis at 500 nm and 520 nm, and in the vertical setup at 480 nm and 500 nm. We also measured positive phototaxis of heterozygous Go-opsin1 D8/+ larvae and found that they showed intermediate values not significantly different from those of either wild-type or homozygous mutant larvae. This is consistent with an expected reduction in Go-opsin1 levels in heterozygous larvae. In both setups, we measured the largest difference between the means of wild-type and homozygous mutant larvae at 500 nm ( Figures S2E and S2F ). This agrees well with the in vitro spectrum of the Go-opsin1 photopigment, which has a l max of 488 nm in the dark spectrum and a l max of 498 nm in the dark-light spectrum ( Figure 3A) . Although the effect sizes were small, the in vitro spectrum of Go-opsin1 closely matched the spectral range of the behavioral defects determined in two independent behavioral assays, indicating that the defects in the mutants were due to the loss of the Go-opsin1 pigment. This suggests that Go-opsin1 contributes to phototaxis and enhances the efficiency of this behavior in the blue-cyan part of the light spectrum.
The blue-cyan range with a peak at 480 nm represents the wavelengths that penetrate seawater the deepest, as shown by our underwater field recordings from the coastal waters of Corsica in the Mediterranean (Figures S2G and S2H) , an area inhabited by Platynereis [15] . Thus, Go-opsin1 may be spectrally tuned to enhance the sensitivity of Platynereis phototaxis to wavelengths of light that maximally penetrate seawater. Goopsin1 must also work together with other photopigments to mediate phototaxis, since phototaxis persists, albeit with reduced efficiency, in the Go-opsin1 knockout larvae. Since Go-opsin1 is coexpressed with the two r-opsins in the same photoreceptor cells, these opsins most likely also contribute to phototaxis.
Understanding the function of opsins in the marine environment is essential to our understanding of why opsins diversified into several families early during animal evolution. It has been proposed that different opsins may initially have been coexpressed in the same photoreceptor cells and diversified to mediate antagonistic signaling pathways [9] . Alternatively, opsins may have diversified to cover different parts of the spectrum. Our work revealed how Go-opsin1 contributes to phototaxis in the rhabdomeric adult eyes of the planktonic larva of Platynereis. The coexpression of Go-opsin1 with the r-opsins represents another example of the coexpression and functional integration of two opsins belonging to different families. This suggests a scenario where opsins may have initially diversified within the same photoreceptor cell to cover a broader response spectrum. Further in vitro and genetic studies of Go-opsins will be needed to understand how changes in G protein coupling may have contributed to this diversification.
EXPERIMENTAL PROCEDURES
Animal Culture Animals were obtained from an established breeding culture [29] kept at 22 C.
Platynereis larvae were kept at 18 C in a 16 hr light/8 hr dark cycle until behavioral experiments. The experiments were conducted at room temperature. The research fully abided to the regulations of Directive 2010/63/EU of the European Parliament and of the Council on the protection of animals used for scientific purposes.
In Situ Hybridization
Whole-mount in situ hybridization and confocal imaging were done as previously described [30] [31] [32] .
ZFN Design and Microinjection
Before ZFN design, splice sites and polymorphic sites in our laboratory culture were identified. A custom ZFN pair targeting the first exon of Platynereis Go-opsin1 was designed and generated (Sigma-Aldrich). The ZFNs used the EL:KK FokI obligate heterodimer system to reduce off-target cleavage [33] . The ZFN recognition site was 5 0 -AAGGTGGAAGCTGAAatatt GAATGCCATGGGTAC-3 0 . The binding sites are given in uppercase and the cut site in lowercase. The sequence is complementary to the coding sequence. ZFN mRNA in a concentration of 40 ng/ml was injected into fertilized eggs of Platynereis wild-type parents according to an established injection procedure [34] . The eggs were kept at 18 C for 45 min before injection and were injected at 14.5 C. The injected individuals were kept at 18 C for 5 to 8 days in 6-wellplates (Nunc multidish no. 150239, Thermo Scientific) and then cultured at 22 C until sexual maturity. The mature worms were crossed to wild-type worms and the progeny was genotyped, resulting in one founder line, which was bred to homozygosity.
Calcium Imaging
Calcium imaging was carried out on 4-day-old Platynereis larvae that had been injected in one-cell-stage with capped and polyA-tailed GCaMP6s mRNA [35] as previously described [4] . Movies were analyzed with custom Fiji [36] and Python scripts, following [37] . See the Supplemental Experimental Procedures for details. Scripts are available at https://github.com/ JekelyLab/Phototaxis.
In Vitro Opsin Assay Recombinant Go-opsin1 was purified and analyzed following [24] . See the Supplemental Experimental Procedures for details.
Molecular Phylogeny
We found the Platynereis opsins Go-opsin1, Go-opsin2, r-opsin2, r-opsin5, and neuropsin-2 in a transcriptome assembly generated by Trinity [38] . Goopsin1, Go-opsin2, r-opsin2, and r-opsin5 were cloned from cDNA and sequenced (GenBank: KR869765, KR869766, KR869767, and KR869768). All other Platynereis opsins were reported previously [8, 12, 39, 40] . We inferred the opsin phylogeny with an established pipeline [8] . For maximumlikelihood and Bayesian analysis, we used PhyML [41] and MrBayes [42] , respectively. See the Supplemental Experimental Procedures for details, alignment, and sequence identifiers.
Phototaxis Assays
Phototaxis of Platynereis nectochaete larvae was assayed in two different experimental setups. To measure negative phototaxis, we used 100-ml glass beakers. To measure positive phototaxis, we used a vertical column (32 3 10 3 160 mm). The larvae were stimulated with monochromatic light provided by a monochromator (PolyChrome II, Till Photonics). Photon fluxes are shown in Figure S2B . Based on the field measurements ( Figures S2G and S2H ), we estimate that the stimulus light we used corresponds to photon fluxes that occur at a depth of approximately 40-50 m in the Mediterranean on a bright summer day at noon. The larvae in the videos were tracked with the ImageJ plugin mTRack2. The tracks were analyzed with a Perl script that extracted the average displacement of the larvae along the axis parallel to the light vector. See the Supplemental Experimental Procedures for details. Scripts are available at https://github.com/JekelyLab/Phototaxis.
Measurement of Photon Irradiance
Total photon irradiance (photons/s/m 2 ) was measured with a calibrated PR-670 PhotoResearch photospectrometer with a CR-670 cosine-corrected accessory to measure irradiance directly while aimed to the source. See the Supplemental Experimental Procedures for details.
ACCESSION NUMBERS
The accession numbers for the Platynereis opsins reported in this paper are GenBank: KR869765, KR869766, KR869767, and KR869768. 
